Background: Exposure to cadmium (Cd) has been associated with the development of hypertension, especially in women, but the mechanism of such an association is not understood. We hypothesize that Cd exposure alters renal production of 20-hydroxyeicosatetraenoic acid (20-HETE), which plays an indispensable role in renal salt balance and blood pressure control.
Introduction
Exposure to cadmium (Cd), a food-chain contaminant, is a common problem worldwide [1] [2] [3] . It is estimated that 40-60% of dietary Cd intake, for the average consumer, comes from staple foods such as rice, potatoes and wheat, and that shellfish, crustaceans, molluscs, offal and spinach form the remaining sources of exposure [2] . Women of reproductive age and children are particularly at risk of Cd toxicity due to enhanced Cd uptake [1] . The most frequently reported renal effect of Cd exposure in the general population is injury to the proximal tubular epithelial cells, where Cd selectively accumulates [3] . Renal tubular cells are rich in mitochondria and heavily reliant on autophagy to maintain homeostasis [4] , making them highly susceptible to Cd-induced apoptosis [5, 6] . Injury to and death of renal tubular epithelial cells can account for a reduction in tubular reabsorption capacity in Cd-exposed persons. Cd-linked tubular cell injury and functional impairment can be evaluated by urinary biomarkers, such as N-acetyl-b-D-glucosaminidase (NAG) enzyme and b2-microglobulin (b2-MG) [7] [8] [9] [10] , while urinary Cd excretion is an indicator of long-term Cd exposure or body burden [11] [12] [13] . However, despite numerous reports, these renal tubular effects associated with Cd exposure have often been considered to be benign and not clinically relevant.
Recent epidemiologic studies have suggested that chronic exposure to Cd, albeit in low levels, may increase the risk of hypertension, especially in non-smoking women [14] [15] [16] . The pathogenic mechanisms underlying the pressor effect of chronic Cd exposure remain unexplored. Cytochrome P450 (CYP) enzymes, such as CYP4A11 and CYP4F2, have been linked to the indispensable role of kidneys in blood pressure regulation [17] [18] [19] . Previously, we have shown that CYP4A11 and CYP4F2 are differentially expressed in the glomeruli, proximal tubules and distal tubules in human kidney samples [20] . We have also shown that expression levels of CYP4A11 and CYP4F2 protein in human kidneys correlated with donor age and the levels of Cd accumulation [21] [22] [23] . We hypothesize that exposure to Cd alters the tubular expression of CYP4A11 and CYP4F2 that catalyze W-hydroxylation of the fatty acid arachidonic acid [24] to produce the eicosanoid 20-hydroxyeicosatetraenoic acid , which is involved in vascular function, salt balance in the kidney and blood pressure regulation [17] [18] [19] . We therefore undertook the present study to evaluate the associations between Cd exposure, urinary 20-HETE levels and development of hypertension in relationship to age, body mass index (BMI), smoking status and levels of tubular injury and tubular dysfunction, assessed by urinary NAG and b2-MG levels, respectively.
Materials and methods
We undertook a cross-sectional study, including 225 women who participated in a larger population-based study of men and women, drawn from Cd contamination areas in the Mae Sot District, Tak Province, Thailand [25] . The Human Research Ethics Committee of the Thailand's Ministry of Public Health approved this study and participants provided written informed consent prior to participation. We restricted the analysis to women, based on the literature reports of an association of Cd exposure and increased risk of hypertension development in women [14] [15] [16] . Inclusion criteria were apparently healthy, 33-55 years of age and resident at the current address for at least 30 years. Exclusion criteria were pregnancy, breast-feeding, history of metal work, a hospital record or diagnosis by physician of chronic kidney disease (CKD), heart disease, diabetes, anemia or hyperlipidemia. Smoking, regular use of medications, education, occupation, family health history and anthropometric data were obtained from questionnaires. Hypertension was defined as systolic blood pressure (SBP) !140 mmHg or diastolic blood pressure (DBP) !90 mmHg, physician diagnosis or prescription of anti-hypertensive medications.
Assessment of Cd exposure and renal effects
Samples of whole blood were collected after overnight fasting. Second morning void urine samples were collected on the same day of blood sampling. Aliquots of blood and urine samples were stored at À80 C for later analysis. Assessment of longterm Cd exposure was based on urinary Cd levels, while recent Cd exposure was based on blood Cd levels [11] [12] [13] . Urine and blood Cd levels were quantified by atomic absorption spectrophotometry with the Zeeman-effect background correction system (Unicam model 989, Thermo Elemental Corp., Franklin, MA, USA). Calibration, quality control and quality assurance for the Cd quantitation were accomplished by simultaneous analysis of blood and urine control samples (ClinChekTM, Munich, Germany). The limit of quantification (LOQ) was 0.5 mg/L for urinary Cd and 0.3 mg/L for blood Cd. Assessment of tubular dysfunction was based on a reduction in tubular reabsorption activity, reflected by an increase in urinary excretion of b2-MG, the low-molecular-weight protein that can pass through the glomerular membrane and is subsequently reabsorbed by tubular cells [7] [8] [9] [10] . Assessment of tubular integrity was based on urinary excretion of the enzyme NAG that originates mostly from tubular epithelial cells [7] [8] [9] [10] . The levels of b2-MG in urine samples were measured with a solid phase microparticle enzyme immunoassay (AxSYM b2-MG, Abbott Diagnostics, Abbott Park, IL, USA), while the urinary levels of NAG were determined with a colorimetric assay, using 2-methoxy-4-(2 0 nitrovinyl)-phenyl 2-acetamido-2-deoxy-b-D-glucopyranoside (MNP-GlcNAc) as a substrate (Diazyme Laboratories, Poway, CA, USA). The urinary albumin assay was based on a turbidimetric method (UniCel V R DxC800 Synchron system, Beckman Coulter, Fullerton, CA, USA). The urinary 20-HETE assay was based on a competitive enzyme-linked immunoassay (Detroit R&D, Inc. Detroit, MI, USA). Urinary and serum creatinine assays were based on the Jaffe kinetic method using alkaline picrate (Siemens Healthcare Diagnostics, Newark, Delaware, NJ, USA). Renal function was based on estimated glomerular filtration rate (eGFR), calculated with the CKD Epidemiology Collaboration (CKD-EPI) equation [26] .
Statistical analysis
The SPSS statistical package 17.0 (SPSS Inc., Chicago, IL, USA) was used to analyze data. The Mann-Whitney U-test was used to compare two groups of subjects. Distribution of the variables was examined for skewness and those showing right skewing were subjected to logarithmic transformation before analysis, where required. Departure from normal distribution of variables was assessed by one sample Kolmogorov-Smirnov test. A linear regression model analysis was used to evaluate effects of Cd exposure on kidneys, based on urinary biomarkers, namely b2-MG, NAG and albumin. Logistic regression analysis was used to estimate prevalence odds ratio (POR) for the presence of hypertension and adverse kidney effects associated with elevated urinary 20-HETE levels. One-way Analysis of the Variance (ANOVA) was used to evaluate the variation in blood pressure measures across quartiles of urinary 20-HETE levels. P 0.05 for a twotailed test was considered to indicate statistical significance.
Results

Descriptive characteristics of study subjects
Of the 225 women participating in this study, 115 were normotensive and 110 were hypertensive (99 persons were treated for hypertension and 11 persons were untreated). For the untreated group, mean 6 standard deviation (SD) values for SBP and DBP were 150 6 6.3 and 89.1 6 11.4 mmHg, respectively. For the treated group, mean 6 SD values for SBP and DBP were 127.9 6 14.1 and 81.8 6 10.9 mmHg, respectively. Treated subjects received anti-hypertensive medications for a mean period of 4 years (range: 0.8 À14.5 years). The distribution of mean arterial pressure showed a tendency to conform to a normal distribution (Z ¼ 1.274, P ¼ 0.078). There was a substantial correlation between blood Cd and urinary Cd (the Spearman correlation coefficient (r) of 0.541 (P < 0.001). Relative to the normotensive group, the hypertensive group had $2-fold higher urinary 20-HETE levels (P ¼ 0.02), 9.9% higher SBP (P < 0.001), 7.7% higher DBP (P < 0.001), 4.2% lower eGFR (P ¼ 0.04), 22.5% lower blood Cd levels (P ¼ 0.05) and 18.8% lower urinary Cd levels (P ¼ 0.05). The percentage of urinary Cd !1 mg/g creatinine (a threshold for tubular dysfunction) and urinary levels of albumin, NAG and b2-MG in hypertensive group did not differ from the normotensive group (Table 1) .
Effects of Cd exposure on kidneys
To statistically evaluate the effect of Cd exposure on kidney function, we used a linear regression model analysis of Cd body burden, assessed by urinary Cd levels. In such model analysis (Table 2) , urinary Cd was a continuous dependent variable, while age, BMI and blood pressure status were independent variables as were the urinary levels of biomarkers of kidney effects, namely urinary b-MG, NAG and albumin. Given a known independent effect of smoking on the kidney, results are shown separately for non-smokers (n ¼ 159) and smokers (n ¼ 60). Only 6.7% of the variation in Cd body burden in non-smokers was associated with the six independent variables (P ¼ 0.011), but a larger proportion (34.6%) of the total variation in Cd body burden in smokers was associated with these six independent variables (P < 0.001). In non-smokers, urinary Cd levels did not show association with the blood pressure group (b ¼ 0.036, P ¼ 0.642), while higher urinary Cd levels showed moderate associations with lower BMI (b ¼ À0.165, P ¼ 0.038), and higher tubular injury levels, reflected by urinary NAG levels (b ¼ À0.171, P ¼ 0.037). In smokers, however, higher urinary Cd levels were moderately associated with blood pressure group (b ¼ 0.269, P ¼ 0.020), while they were strongly associated with lower BMI (b ¼ À0.472, P <0.001) and moderately associated with higher urinary NAG levels (b ¼ 0.349, P ¼ 0.005), indicative of tubular injury. In addition, higher urinary Cd levels in smokers also showed a tendency for a moderate association with higher urinary albumin levels (b ¼ 0.227, P ¼ 0.055).
Cd body burden as a predictor of elevated urinary 20-HETE levels Numbers are arithmetic mean 6 standard deviation (SD). Mean arterial pressure ¼ diastolic pressure þ (pulse pressure)/3, where pulse pressure ¼ systolicÀ diastolic.
eGFR is determined with the CKD-EPI equation [26] .
were associated with variability in urinary 20-HETE excretion among subjects in the entire group (P < 0.001 for urinary Cd, P ¼ 0.006 for BMI). Age, smoking status and blood pressure groups were not associated with urinary 20-HETE variability (P ¼ 0.257 for age, P ¼ 0.557 for smoking status and P ¼ 0.310 for blood pressure).
Elevated 20-HETE levels and prevalence odds of hypertension and tubular dysfunction
To further test if the eicosanoid 20-HETE could be linked to hypertension development, a logistic regression analysis was used (Table 3) . In this analysis, urinary 20-HETE level was a categorical dependent variable, based on a median value of Cd body burden, as logarithmically transformed urinary Cd (mg/g creatinine) was a continuous dependent variable. Creatinine-adjusted urinary b-MG, NAG and albumin levels were continuous independent variables, while blood pressure status was categorized independent variable (normotensive ¼ 1, hypertensive ¼ 2). Adjusted R 2 indicates the total variation in Cd body burden, explained by all six independent variables. P 0.05 is considered to indicate statistical significant levels. 
Urinary 20-HETE levels and blood pressure increases
To evaluate an effect of 20-HETE on blood pressure measures, SBP and DBP and mean arterial blood pressure were stratified according to the tertile of urinary 20-HETE levels ( Figure 2 ). We found that the variability in blood pressure measures among subjects in the treated and untreated hypertensive groups were not associated with the tertile levels of urinary 20-HETE. However, SBP levels in the normotensive subjects increased linearly with increasing tertiles of 20-HETE levels (P ¼ 0.046 for variability across tertile groups, P ¼ 0.037 for linearity), as did mean arterial blood pressures (P ¼ 0.048 for variability across quartile groups, P ¼ 0.023 for linearity). DBP levels also exhibited a linear association with tertile levels of urinary 20-HETE (P ¼ 0.051 for linearity), but such increases in DBP levels across tertile groups did not reach statistical significance (P ¼ 0.131). In a univariate analysis with adjustment for age and BMI, an increase in urinary 20-HETE in normotensive subjects from the lowest tertile to the highest tertile was associated with increases in SBP of 6 mmHg (95% CI 0.3-12, P ¼ 0.040) and mean arterial pressure of 4.7 mmHg (95% CI À0.1-9.5, P ¼ 0.057).
Discussion
Cumulative lifetime Cd exposure levels in the study subjects, reflected by the mean (range) urinary Cd of 0.58 (0.09À3.12) mg/g creatinine, are considered to be low to moderate. These exposure levels are in line with those found in the majority of nonoccupationally exposed populations [2, [7] [8] [9] [10] . Consistent with numerous studies, Cd exposure levels in the subjects in the present study were associated with tubular injury, based on elevated urinary NAG levels [1] [2] [3] [7] [8] [9] [10] . In a previous Thai study [7] , a 3-fold increase in urinary Cd level was associated with a 32% increase in the prevalence odds of having tubular injury. In addition, those with elevated urinary NAG levels had a 20% increase in the probability of developing hypertension. In the US National Health and Nutritional Examination Survey (NHANES) 1999-2006 data, blood Cd levels !0.6 lg/L were associated with kidney damage and CKD, defined as eGFR <60 mL/min/1.73 m 2 and [27] , while blood Cd levels !0.4 mg/L were associated with an increased risk of hypertension in Caucasian women and Mexican-American women [14] . In the US NHANES 2011-2012 data, blood Cd levels >0.53 lg/L were associated with increases in the risks of albuminuria and low GFR [28] . Blood and urinary Cd levels >1 mg/L have been associated with CKD in the adult participants in the US NHANES 1999-2006 study [29] . In a Korean population study [30] , blood Cd levels in the highest tertile were associated with 1.85 mL/min/1.73 m 2 (95% CI À3.55 to À0.16) lower eGFR values, compared with the lowest tertile. An inverse association between blood Cd and eGFR was observed also in the US NHANES 2007-2012 data [31] .
To the best of our knowledge, there are no previous studies that report chronic Cd exposure as a predictor of urinary 20-HETE levels nor are there reports of an association between urinary 20-HETE levels and tubular dysfunction together with hypertension prevalence. Thus, we are the first to observe an association between Cd exposure and urinary 20-HETE levels. Further, we have observed an association between urinary 20-HETE levels !469 pg/mL and increased odds of hypertension development together with tubular dysfunction, assessed by urinary b2-MG levels. It is noteworthy that 90% of hypertensive subjects in the present study received anti-hypertensive medication, raising the possibility for an effect of the medication on urinary Cd excretion levels. However, in an interaction analysis, there was little evidence for such effect. Therefore, it is conceivable that anti-hypertensive medication may have caused a reduction in 20-HETE levels concurrently with lowering of blood pressure levels. Supporting further the connection between 20-HETE and blood pressure increase is a stratification analysis that suggested a linear relationship between tertiles of urinary 20-HETE excretion levels and blood pressure increases in normotensive subjects, where urinary 20-HETE levels in the highest tertile were found to have be on average 6 mmHg higher SBP, compared with the lowest tertile. The findings in the present study thus provide strong evidence linking Cd exposure to hypertension development through 20-HETE. Other mechanistic studies suggest that 20-HETE has anti-hypertensive effects in the proximal tubules, where it activates protein kinase C, which in turn phosphorylates Na-K-ATPase, leading to a reduction in sodium transport activity [17] . In the thick ascending limb of the loop of Henle, 20-HETE had a natriuretic effect as a result of inhibition of Na-K-2ClÀ and 70pS Kþ transport, thereby causing a reduction in reabsorption of sodium [17] . In vascular smooth muscle cells, 20-HETE was a local vasoconstrictor and thus was pro-hypertensive [17] [18] [19] .
In an Australian study, a positive correlation between urinary 20-HETE and blood pressure was seen in hypertensive women who had higher urinary 20-HETE levels than normotensive subjects [32] . In the US studies, an expected increase in urinary 20-HETE excretion after administration of furosemide (a diuretic drug) was found in normotensive subjects, but not in salt-sensitive hypertensive subjects, leading to the suggestion that impaired synthesis or actions of renal 20-HETE might contribute to the salt-sensitive hypertension [33, 34] . In a doubleblind, placebo-controlled intervention [35] , a reduction in blood pressure in Australian CKD patients was observed after 8 weeks of supplementation with n-3 fatty acid that appeared to lower plasma 20-HETE levels.
In conclusion, the present study has demonstrated for the first time that Cd exposure is a predictor of urinary 20-HETE levels, and that 20-HETE is in turn associated with an increase in odds of having hypertension and tubular dysfunction in Thai women who had been chronically exposed to Cd. This study thus provides the first evidence linking 20-HETE to blood pressure increases and hypertension development after chronic Cd exposure.
Strengths and limitations
The strengths of this study include an analysis of apparently healthy individuals, who were relatively young (age 33-55 years, mean age 47.2 years) together with a focus on a susceptible subpopulation (women). The high prevalence of hypertension in an area with Cd contamination allowed recruitment of sufficient numbers of hypertensive subjects from villages. The community-based recruitment strategy minimized bias toward certain sub-population groups, frequently encountered in health center-based studies. The limitations of this study were its cross-sectional design, which limited an assessment of temporal relationships between variables or causal inference of Cd exposure on blood pressure, the small sample size and the fact that the results may not be generalizable to men. 
